Abstract-A vacuum chamber was designed that simulates the space environment to facilitate tests of material modification due to space environment interactions. Critical environmental elements to be simulated include an ultrahigh vacuum, a far ultraviolet (FUV)/ultraviolet/VIS/NIR solar spectrum, an electron plasma flux, temperature extremes, and long duration exposure. To simulate the solar electromagnetic spectrum (EMS), a solar simulator was used with a range 200-2000 nm. A Krypton lamp provides surrogate radiation for the prominent FUV hydrogen Lyman-α 120-nm emission not produced by the solar simulator. A monoenergetic electron flood gun (20-15 keV) provides a controlled electron flux. Electron and EMS incident fluxes of up to four times sun equivalent intensities at 95% uniformity across the full 100-cm 2 sample surface are possible to reduce the exposure time for accelerated testing. A temperature range from 100 to 450 K is achieved using an attached cryogenic reservoir and resistance heaters. The versatile sample holder and radiation mask allow for cost-effective, customizable investigations of multiple small-scale samples under diverse conditions. In situ monitoring capabilities allow measurements to be taken at frequent intervals during the course of the exposure cycle, while the samples are still under vacuum. An automated data acquisition system monitors and records the temperature, pressure, electron, and EMS fluxes. Calibrated reflectivity, absorptivity, and emissivity of the samples can be measured using in situ integrating sphere and IR absorptivity/emissivity probes.
altogether. For example, changes in reflectivity and emissivity of surface materials due to exposure to ultraviolet (UV) radiation [1] , temperature fluctuation [2] , charged particle flux [3] , contamination [4] [5] [6] , or surface modifications [7] can lead to changes in optical, thermal, and charging properties of the materials. Alternately, exposure to higher fluence radiation can generate atomic scale defects in materials leading to changes in the optical, electrical, and mechanical properties [1] , [8] . Furthermore, the evolution of the charging, discharging, electron transport, and arcing properties of surface and bulk materials as a result of prolonged exposure to the space environment has been identified as one of the critical areas of research in spacecraft charging [9] . Evolution of these charging properties has been shown to potentially lead to significant charging risks [10] , [11] .
The key for predicting and mitigating these harmful effects is to develop a broad knowledge base of the changes produced in the very broad range of materials in spacecraft applications under a wide range of environmental conditions and how these changes affect the materials properties critical to space operations [12] [13] [14] [15] [16] . One approach is to analyze the changes to representative samples flown in space under well-documented space environments, as has been done in the long duration exposure facility [17] and materials international space station experiment (MISSE) [4] , [18] , [19] missions. However, the enormous range of materials and environmental combinations to investigate, the limited ability to monitor materials changes during the course of space exposure, the very limited number of returned-sample studies, and the inaccessibility for returnsample missions for most of the space environments necessitate additional methods of investigation. This is the ability to accurately simulate space environment effects through long duration, well-characterized testing in an accelerated, versatile laboratory environment [4] , [20] , [21] . Such is the motivation for developing the space survivability testing (SST) chamber described here.
II. SPACE SIMULATION CAPABILITIES
There are a number of characteristics that are necessary for a realistic simulation of different space environments. Some of these critical characteristics are simulated in the SST chamber, including electromagnetic solar (EMS) radiation, electron flux, vacuum, and temperature. Other characteristics, not yet simulated in the SST chamber, include higher energy electron flux, proton or ion flux, plasma, and atomic oxygen flux. The EMS spectrum [shown in Fig. 1(a) ] is dominated by blackbody radiation from the sun peaked 0093-3813 © 2013 IEEE (b) Fig. 1 . (a) AM0 solar EMS [32] . The ranges of different spectral components and the two SST sources are shown. (b) Typical space electron flux spectra for solar wind at the mean earth orbital distance [33] , and geostationary earth orbit [30] and low earth orbit [30] .
in the visible; the vast majority of incident power is from UV/VIS/NIR radiation from ∼250 to ∼5000 nm that results in most of the material heating. Photoexcitation, ionization, and defect generation, however, result from higher energy (5 eV or 250 nm) incident radiation. The power in the spectral region <250 nm has its strongest component from the hydrogen Lyman-α emission line at 121.6 nm [see Fig. 1(a) ]. The Lyman-α emission can dominate many important materials properties; e.g., Lyman-α emission is responsible for between 15% and 85% of photoemission from typical spacecraft materials [10] , [22] , [23] .
The electron flux shown in Fig. 1(b) is dominated by electron energies 30 keV. These electrons are responsible for most of the surface charging effects [24] , [30] . Even though fluxes of higher energy electrons are reduced by more than four orders of magnitude, they are largely responsible for significant effects such as deep dielectric charging [25] , single event interrupts [26] , and radiation damage [8] , [27] .
The vacuum of space is typically <10 −7 Pa, but can be >10 −3 Pa in local space environments due to outgassing or mass ejection. Pressure variations have significant impact on contamination rates, susceptibility to arcing, and thermal transport. Spacecraft are typically designed with an operational temperature range from 200 to 350 K, but can extend to higher [28] or lower [28] [29] [30] temperatures in orbits far from Earth or when purposefully shielded from solar radiation [29] . Mechanical and electrical properties of materials are particularly susceptible to temperature changes.
III. EXPERIMENTAL TEST CHAMBER DESIGN
A versatile ultrahigh vacuum test chamber has been designed for long duration testing of materials modifications due to exposure to simulated space environment conditions (see Fig. 2 ). It provides a controlled temperature and vacuum environment with stable, uniform, long-duration electron, and UV/VIS/NIR fluxes at up to four times sun equivalent intensities for accelerated testing for a sample area of 10 cm by 10 cm. The ∼30-cm ID by ∼60-cm long chamber is particularly well suited for cost-effective tests of multiple small-scale material samples over prolonged exposure. Critical environmental components simulated include far ultraviolet (FUV)/UV/VIS/NIR solar spectrum fluxes, low energy electron plasma fluxes, vacuum, and temperature.
The vacuum chamber uses standard mechanical and turbomolecular pumps (X; see the legend of Fig. 2 for definitions and Figs. 2, 4, and 5 for use of these letters) for roughing and an ion pump (Y) for continuous maintenance-free operation. Standard UHV Conflat flanges, feedthroughs, and valves are used. Neutral gas density and composition can be regulated from the base pressure (high vacuum <10 −5 Pa) to ambient, and is monitored with Convectron, ion gauges (Y), and a residual gas analyzer (Z).
A. Radiation Source Design
The UV/VIS/NIR solar spectrum is simulated using an external, normal Incidence, and collimated commercial class AAA solar simulator source (Photo Emission Tech, Model SS80AAA). The solar simulator (B) uses a Xe discharge tube, parabolic reflector, and collimating lens with standard Air Mass Zero (AM0) filters (photoemission tech) (D) to shape the incident radiation spectrum to match the NIR/VIS/UVA/UVB solar spectrum (from 200 to 1700 nm) at up to four times sun equivalent intensity for an accelerated testing over a ∼100 cm 2 area of 10 cm × 10 cm. Light intensity feedback is used to maintain the intensity temporal stability with <2% during the sample exposure cycle, using standard calibrated solar photodiodes mounted internally on the sample mounting block. Solar simulator normally incident UV/VIS/NIR light passes through a sapphire view port (U). Xe bulbs have >1-month lifetimes and are readily replaced ex situ for long duration studies.
Incident FUV solar radiation is simulated by Kr discharge resonance line sources (Resonance limited, Model KrLM-L) (C), with a primary emission line at 124 nm and secondary emission line at 117 nm, with up to four times sun equivalent intensity. This provides an adequate substitution for the solar vacuum UV spectrum (∼200-∼10 nm), which is dominated by the H Lyman-α emission line at 122 nm. Three lamps oriented 120°apart provide >98% flux uniformity. The Kr source computer automation system allows monitoring and up to 1-kHz modulation of the output intensity, plus closedloop temperature control of the source heater and RF output. Kr bulbs have ∼5-month lifetimes for long duration studies; they are sealed sources with MgF 2 windows (V), but cannot currently be replaced under vacuum.
An electron flood gun (A) provides a uniform, monoenergetic (∼20 to ∼15 keV) flux needed to simulate the solar wind at more than 100X its cumulative electron flux. Electron fluxes at the sample surface of ≤ 5·10 6 electrons cm −2 (∼1 pA-cm −2 to 1 μA-cm −2 ) with >95% uniform flux distribution over the full sample area are continuously monitored during the sample exposure cycle using a standard Faraday cup mounted on the sample block. The electron gun and control electronics were custom designed at USU after work [31] . Beam blanking with a retarding grid is computer controlled and the flux can be manually adjusted during an exposure cycle. The electron gun has dual hot swappable filaments for continuous exposure over long duration testing.
The chamber maintains ≥95% uniformity of the EMS and electron radiation exposure over the full sample area (see Fig. 3 ). The long-term exposure variability of individual samples can be further reduced by periodically rotating the sample stage. The footprint of the incident radiation on the sample surface is determined by a flux mask (E) located near the chamber's top ports that restricts the flux boundaries to the sample stage, limiting equipment exposure, and reducing scattering to accommodate uniform exposure. The solar simulator flux is collimated, but the FUV and electron beams diverge as point sources recessed outside the main vacuum chamber, as shown in Fig. 2(c) . The flux mask can be readily customized to accommodate different sample geometries. Additional view ports allow for visual inspection of the samples and flux sources during the sample exposure cycle.
B. Versatile Sample Holder Design
Samples are mounted on an OFHC Cu sample carousel (M) connected to a standard rotary vacuum feed through (S), used for 355°rotation to position samples under the probe translation stage (T) and to enhance flux uniformity by periodic rotation. The sample stage shown in Figs. 4 and 5 has six 2.5-cm diameter samples (L), plus four flux sensors (I,J), and platinum resistance temperature probes (K). The sample stage can be readily reconfigured for various sample sizes of up to one 10-cm diameter sample.
A controlled, uniform temperature range from ∼100 to 450 K is maintained to ±2 K by a standard PID temperature controller, using a cryogenic reservoir (P) and resistance heaters (O) attached to a large thermal mass sample stage (M) used to minimize the differences in temperature between the samples and thermal fluctuations during the sample exposure cycle. Fluids circulated through the reservoir from a temperature calibration bath (NESLAB Instruments, Inc., FTC-350A) are used for the range 260-360 K; liquid nitrogen is used from ∼100 to ∼250 K.
Alternately, sample temperatures from ∼30 to 400 K can be achieved using a closed-cycle Helium cryostat (Air Products, Displex DE-202-0-SP) and a different sample stage bolted to the flange where the sample stage rotational vacuum feed through (S) is fastened. The SST chamber can also be reconfigured as a radiation source for other test chambers by removing the same sample stage flange and bolting the upper source components to other SDL and USU test chambers using the lower 36-cm flange.
C. In Situ Characterization Capabilities
A lab view-based automated data acquisition system periodically monitors and records the environmental conditions, flux intensities, UV/VIS/NIR reflectivity, and IR emissivity of the samples in situ during the sample exposure cycle.
Reflectivity is measured with a compact 2.5-cm diameter integrating sphere (StellarNEt, Model IC2) (H) with a fiber optic connection to two optical spectrometers external to the SST chamber. Two calibrated commercial fiber optic spectrometers (StellarNet, Model BLK-C-SR UV-VIS) (StellarNet, Model RW-InGaAs-512) (F) are used to measure diffuse reflectivity of UV/VIS/NIR (200-1080 nm) and NIR (858-1700 nm) ranges with 1-nm resolution. Light from a deuterium/W-halogen calibrated light source (Ocean Optics, Model LS-1) enters the integrating sphere through one fiber optic connection; reflected light from the sample exits through another fiber optic to the spectrometers. A split-Y custom fiber optic allows use of a single UHV fiber optic vacuum feed through (MDC, Insulator Seal). IR emissivity (4-15 μm) is measured with a probe (omega) (G). The integrating sphere and emissivity probe can be extended over the samples with a retractable linear translation stage (T). The sample stage can be rotated to position different samples under the probes. High and low reflectivity/emissivity calibration standards (Lab sphere, SRS-99, SRS-10) (N) are mounted behind the probe translation stage for in situ calibration of the probes.
Light flux is monitored continuously with photodiodes (I) mounted on the sample stage (M) and equipped with filters to separately monitor NIR, VIS, and UV intensities. Electron flux is monitored continuously with a Faraday cup (J) also mounted on the sample stage. Temperature is monitored continuously with platinum resistance probes (K), also mounted on the sample stage.
IV. CONCLUSION
The objective of this SST chamber is to address a specific niche for test facilities to simulate the space environment to facilitate tests of material and components. Very few operational environmental simulation facilities exist for long-term measurements of modification and degradation of properties of critical materials and small components used in the space environment. The large, complex facilities that do exist are prohibitively expensive to operate and are largely inaccessible to the general space science community for materials testing and small-scale projects. Furthermore, very lengthy tests or ones with modest accelerated aging are also impractical. Thus, it is most often impractical to conduct a vital environmental testing on intermediate scale materials, sensors, and components.
The versatile design of the SST chamber allows costeffective, customizable investigations of multiple small-scale samples under diverse conditions. Critical environmental elements that are simulated include the ultrahigh vacuum, FUV/UV/VIS/NIR solar spectrum, electron plasma flux, temperature extremes, and long-duration exposure. The versatile sample holder and radiation mask allow for cost-effective, customizable investigations of multiple small-scale samples under diverse conditions. Even a Cubesat face can be tested in the 10 cm × 10 cm exposure window. In situ monitoring capabilities allow measurements at frequent intervals during the exposure cycle, while samples are still under vacuum. An automated data acquisition system monitors and records the temperature, pressure, electron, and photon fluxes. Calibrated reflectivity, absorptivity, and emissivity of the samples can be measured in situ.
Design and construction of the test chamber is complete. Calibration of the sources and monitoring capabilities is in progress. Initial tests are in progress to compare the modification of samples flown on the SUSpECS experiment on MISSE-6 exposed with the ISS LEO environment for 18 months [19] , [34] to the effects of accelerated aging on witness samples in the SST chamber [35] .
